Lithium niobate (LN), dubbed by many as the silicon of photonics, has recently risen to the forefront of chip-scale nonlinear optics research since its demonstration as an ultralow-loss integrated photonics platform. Due to its significant quadratic nonlinearity (χ (2) ), LN inspires many important applications such as second-harmonic generation (SHG), spontaneous parametric down-conversion, and optical parametric oscillation. Here, we demonstrate high-efficiency SHG in dual-resonant, periodically poled z-cut LN microrings, where quasi-phase matching is realized by field-assisted domain engineering. Meanwhile, dual-band operation is accessed by optimizing the coupling conditions in fundamental and second-harmonic bands via a single pulley waveguide. As a result, when pumping a periodically poled LN microring in the low power regime at around 1617 nm, an on-chip SHG efficiency of 250,000 %/W is achieved, a state-of-the-art value reported among current integrated photonics platforms. An absolute conversion efficiency of 15% is recorded with a low pump power of 115 µW in the waveguide. Such periodically poled LN microrings also present a versatile platform for other cavity-enhanced quasi-phase matched χ (2) nonlinear optical processes.
INTRODUCTION
Second-order nonlinearity (χ (2) ) is the basis of many important nonlinear optical processes such as second-harmonic generation (SHG), sum and difference frequency generation and parametric down-conversion. Among these, SHG is specifically important for a range of applications including precision frequency metrology [1, 2] , optical clocks [3] , molecular imaging [4, 5] , and quantum-information processing [6, 7] . Compared with traditional SHG in bulk materials [8] , the advanced nanophotonic techniques have enabled SHG in a miniaturized and powerefficient microchip based on a variety of integrated photonics platforms, such as silicon nitride [9, 10] , gallium arsenide [11, 12] , aluminum nitride (AlN) [13] [14] [15] , lithium niobate (LN) [16] [17] [18] [19] [20] [21] , and others [22] [23] [24] [25] [26] . Among these, LN is particularly attractive due to its large χ (2) nonlinearity, a broad transparency window from 350 nm to 4.5 µm, flexibility in ferroelectric domain control as well as recent advances in the development of low-loss thin-film LN on insulator (LNOI) platform [16] [17] [18] [19] [20] [21] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Leveraging the small mode volume and large power enhancement in high quality-factor (Q) optical microcavities [37] , highefficiency SHG with low power consumption can be envisioned. In recent decades, cavity-enhanced SHG in LN integrated photonics platform has been reported through the techniques of modal (MPM) [18, 38, 39] , cyclic (CPM) [34, 40, 41] , and quasiphase matching (QPM) [17] . The latter predicts a higher SHG efficiency as it involves two fundamental modes for a larger modal overlap. Meanwhile, QPM is generally achieved through the periodic poling and hence allows the engineering of the phase-matching wavelengths for specific applications. The po-tential of the LNOI platform, however, is far from being realized as the demonstrated cavity-enhanced-SHG efficiencies of recent works remain much lower than the theoretical value [18] as well as those achieved in integrated AlN platforms with a lower χ 2 coefficient [15] .
In this paper, we investigate QPM-based SHG in waveguidecoupled, periodically poled lithium niobate (PPLN) microring resonators. Through the design and fabrication optimization, the PPLN microring exhibits high intrinsic Q-factors, and efficient dual-band coupling via a single pulley waveguide. Intense electric fields are applied to invert the crystal domain of z-cut LN microrings periodically with high fidelity and thereby enable first-order QPM. Additionally, the detuning between the pump and second-harmonic (SH) cavity modes is compensated by tuning the chip temperature. As a result, from a fully integrated PPLN microring device, we are able to achieve an on-chip SHG efficiency of up to 250,000 %/W in the low pump power regime. An absolute power conversion efficiency as high as 15% is also attained with 115 µW pump power in the waveguide. Figure 1 (a) depicts the design principle of the PPLN microring, where the SHG process involves the fundamental transverse electric (TE 00 ) and magnetic (TM 00 ) optical modes of angular frequencies ω a and ω b in the telecom and near-visible bands, respectively. Pumping at an angular frequency ω p , the on-chip SHG efficiency in the non-depletion regime [13] is given by
PRINCIPLES OF DEVICE DESIGN AND FABRICATION
where P p (P SHG ) denotes the on-chip pump (SHG) power; κ c , κ 0 and κ are respectively the external, intrinsic and total coupling rates of the cavity modes with
is the detuning for mode a(b). The nonlinear coupling strength g between mode a and b reads [13] ,
Here, ε 0 is the vacuum permittivity, R is the microring radius, ε a(b) and m a(b) are the effective relative permittivity and azimuthal number of mode a(b) in the microring, and the integer M = 2πR Λ is defined by the poling structure with Λ being the poling period. When the QPM condition m b − 2m a − M = 0 is satisfied, non-zero coupling strength g can then be accessed. The effective quadratic tensor element d eff of the LN material and the poling duty cycle D determine the effective χ (2) susceptibility of the PPLN microring with N-th order QPM, as denoted by χ (2) eff,N , through the relation [17, 42] χ (2) 
The modal overlap factor ζ is expressed as
where u a(b),r(z) (r, z) is the corresponding electric field component of cavity mode a(b).
According to the analysis above, when the critical coupling (κ c,a(b) = κ 0,a(b) ) and dual-resonance (ω p = ω a = ω b 2 ) conditions for both pump and SH modes are fulfilled, a maximum SHG conversion efficiency can be derived as
where Q 0,a(b) is the intrinsic Q-factor of mode a(b) and is de-
. It is evident that high intrinsic Q-factors and large nonlinear coupling strength g are critical for achieving η max in a QPM-based microring. In the following subsections, we outline two core design procedures: (1) realization of dual-band critical coupling and high-Q 0 LN microring;
(2) implementation of periodic poling yielding a large g while satisfying the QPM and dual-resonance conditions. 
A. Coupling design and high-Q LN microring fabrication
The wide spectral separation between the telecom pump and near-visible SH modes poses a challenge for efficient dual-band waveguide-microring coupling using a conventional straight waveguide (point) coupler due to the significantly weaker coupling strength at shorter SH wavelengths. Compared with the MPM case with an extra SH extraction waveguide [13] [14] [15] , QPM-based SHG involves fundamental telecom and nearvisible modes and allows us to employ a single pulley waveguide shown in Fig. 1 (a) to address that issue. For a pulley bus waveguide, the coupling strength depends on both the crosssectional evanescent field overlap and the effective refractive index matching between the waveguide and cavity modes given by n wg = n ring · ρ [43] . The coefficient ρ = R+w ring /4 R+gap+(w wg +w ring )/2 denotes the ratio between the two path lengths, with w wg and w ring being the width of the waveguide and microring, respectively. Considering the larger evanescent field overlap of the telecom modes, we specifically optimize w wg to satisfy the aforementioned index matching condition in the near-visible band and thereby access efficient dual-band coupling.
As shown in Fig. 1(b) , the optimal w wg is simulated to be approximately 600 nm for the fixed w ring of 1.8 µm and R of 70 µm. Meanwhile, the thickness of the LN waveguide is 600 nm with an unetched bottom layer of 180 nm and the coupling gap is set to be 400 nm. The large ring width and shallow etched geometry are chosen to mitigate the scattering losses from the sidewall roughness [44] . The LN microrings were fabricated on a z-cut undoped congruent LNOI wafer (from NANOLN), and the device parameters (e.g., w wg , gap, and θ) were experimentally optimized to enable the dual-band critical coupling. The fabrication process is presented in a previous work [36] . To maximize the nonlinear coupling strength g in Eq.
(2), a first-order QPM is implemented by periodically poling the fabricated LN microring along its radial orientation. Combining the QPM (m b − 2m a − M = 0) and dual-resonance (ω p = ω a = ω b 2 , or equivalently λ p = λ a = 2λ b ) conditions, the required poling period is derived as Λ = λ a 2·(n ring,b −n ring,a ) . Figure 2 (a) plots the calculated Λ for the cavity-enhanced TE 00 -to-TM 00 SHG conversion, where a Λ of approximately 7.44 µm is obtained at a pump wavelength of 1.55 µm. For comparison, Λ for the TM 00 -to-TM 00 conversion is estimated to be ∼2.87 µm. Owing to the experimental feasibility of a large poling period as well as the potential high Q-factor of the pump TE 00 mode [18, 32] , our work strate-gically focuses on the TE 00 -to-TM 00 SHG conversion utilizing the d 31 coefficient (∼3.2 pm/V) instead of the TM 00 -to-TM 00 conversion utilizing d 33 (∼19.5 pm/V) [46] .
To start the poling process, the radial nickel electrodes (top inset of Fig. 2(a) ) were initially patterned on top of the LN microring using electron-beam lithography and lift-off processes. The poling setup for z-cut LN microring is schematically depicted in the bottom inset. The periodic crystal domain inversion was enabled by keeping the bottom aluminum plate as the electrical ground while applying six high-voltage pulses as shown in Fig. 2(b) , on the electrodes at an elevated temperature of 250 • C [47] . To characterize the domain inversion, the PPLN microring was etched in hydrofluoric acid [48] after removing the nickel electrodes. Figures 2(c-d) show false-color SEM images of the fabricated PPLN microring, revealing a periodic domain structure with the dark purple regions corresponding to the inverted domains. A poling period of 7.46 µm and a duty cycle of ∼35% are also extracted from the selectively etched pattern. More details of the poling process of bare z-cut LNOI wafer and domain characterization are presented in Supplement 1, Section 1. sources were combined by a wavelength division multiplexer (WDM) and guided onto the chip by a lensed fiber. Two fiber polarization controllers (FPCs) were utilized to select horizontally and vertically polarized telecom and near-visible incident lights, respectively. The telecom and near-visible outputs were separated by a second WDM and measured by their respective photodetectors (PDs). The transmission spectra of the telecom TE 00 and near-visible TM 00 modes for optimized SHG are respectively depicted in Figs. 3(b) and 3(c) , indicating that the pump mode is nearly critically coupled with a loaded Q-factor (Q L,a ) of 8.0 × 10 5 , while the SH TM 00 mode is over-coupled (see Supple-ment 1, section 2) with a Q L,b of 1.8 × 10 5 . The corresponding intrinsic and coupling Q-factors are extracted and displayed in the insets. Based on design parameters, their azimuthal mode numbers were respectively simulated to be m a = 540 and m b = 1139, which satisfy the QPM condition (m b − 2m a − M = 0) when accounting for a radial poling structure with M = 2πR Λ = 59. Figure 3(d) shows typical SHG spectra obtained by sweeping the TE-polarized pump across a number of resonances with an external input power of -13 dBm. The distinct SHG observed was only attributed to the QPM process since our microring geometry was specifically designed to avoid possible MPM processes and no near-visible output signals were detected before the poling process (see Supplement 1, Section 3). Since LN microrings exhibit both material and geometric dispersion, typically there exists a frequency mismatch between the telecom and corresponding SH near-visible cavity modes. The distinct thermal shifts of the interacting two modes then allow us to leverage temperature tuning using an external heater to perfectly fulfill the dual-resonance condition, thus further optimizing the SHG output. As shown in Figs. 4(a-b) , both of the telecom and near-visible resonances shift to longer wavelengths with the increasing temperature due to the thermo-optic effect and thermal expansion [49] . Moreover, the measured thermal shifts are linearly fitted by λ a (T) = λ a,0 + d a · T, and λ b (T) = λ b,0 + d b · T with respective slopes of d a = 2.2 pm/ • C and d b = 13.8 pm/ • C. The much larger slope for the near-visible TM 00 mode is due to the significant thermo-optic birefringence of LN [50] . Considering the temperature dependence of the cavity modes and assuming the on-resonance pump wavelength, the SHG efficiency as a function of the temperature can be described as an expansion of Eq. (1)
RESULTS AND DISCUSSION
where ∆λ 0 = λ a,0 − 2λ b,0 and ∆d = d a − 2d b . The temperature dependence of η evidently exhibits a Lorentzian shape with a full width at half maximum (FWHM) determined by
Substituting the experimentally measured λ a , Q L,b and ∆d, we calculated a ∆T = 0.35 • C, which agrees well with the experimental ∆T = 0.30 • C in Fig. 4(c) . Figure 4(d) highlights the measured pump transmission and the corresponding SH response at the optimal temperature depicted by Fig. 4(c) , showing a maximum external SHG power of 280 nW from the PPLN microring with an external pump power of 360 µW.
Finally, the power dependence of SHG was investigated. As shown in Fig. 5(a) , in the undepleted pump regime (P p < 100 µW), a linear-fitted slope of 1.02 matches the theoretical prediction based on Eq. (1) and an on-chip SHG efficiency η of 250,000 %/W is further derived. The calibration method of the on-chip pump, SHG powers and conversion efficiency η is detailed in Supplement 1, Section 4. With an extracted χ (2) eff of 3.75 pm/V (Eq. (3)) and a numerically simulated ζ of 0.74 /µm (Eq. (4)), the theoretical g factor of our device is calculated to be 1.46 MHz using Eq. (2). By incorporating the experimentally measured Q-factors, the theoretically achievable SHG efficiency in our PPLN microring device in the non-pump depleted regime is 2,220,000 %/W as predicted by Eq. (1). The one-order of magnitude discrepancy between the experimental result and theoretical prediction is possibly due to nonuniformity inherent to nanofabrication at different azimuthal angle of the microring [18] as well as imperfect domain poling quality, i.e. inhomogeneity of the inverted domain, and deviation of domain boundaries (see Supplement 1, Section 1). Q c,a(b) ), the optimal absolute conversion efficiency approaches 100% at the cost of increased saturation power. In our case, according to the experimentally extracted Q L,a Q c,a = 0.53, Q L,b Q c,b = 0.82, and η of 250,000 %/W, the absolute conversion efficiency of the presented device is predicted to reach 44% at a saturation power of 2.8 mW. Nevertheless, our experimental observation (pink triangles) indicates a much lower saturation power than the theoretical prediction (dark line). Such discrepancy was also observed in previous studies of SHG in whispering gallery mode LN resonators [52, 53] and may be attributed to the enhanced photorefractive (PR) effect with the high intracavity power. As the pump power increases, the PR effect induces wavelengthdependent blueshifts of the cavity resonances [32, 54] , thereby creating a frequency mismatch of the pump and SH resonances, which hinders the maximum obtainable conversion efficiency at a preselected optimal temperature. Further studies will be required to quantify and compensate the PR effect via the dynamical thermal or electrical tuning in order to improve the device performance in the high power regime.
CONCLUSION
We demonstrate an efficient and compact χ (2) frequency doubler from the telecom to near-visible band via quasi-phase matching in dual-resonant, periodically poled LN microring resonators. An on-chip SHG conversion efficiency of up to 250,000 %/W is recorded in the undepleted pump regime, which is a state-of-theart value across all current integrated photonics platforms. The absolute conversion efficiency reaches 15% at a low pump power of 115 µW. Such high-efficiency SHG and flexibility in defining the domain switching patterns in z-cut PPLN microrings suggest its great promise for cavity-enhanced nonlinear χ (2) processes. Further optimizations of the poling process, optical Q-factors and coupling conditions as well as suppression of the PR effect for a device that takes full advantage of the d 33 based on the z-cut PPLN microring platform would be a focus of our future work, and thereby an ultimate-efficiency SHG conversion could be envisioned.
Note added: During the peer review of this paper, a memorandum of high-efficiency second harmonic generation based on periodically poled x-cut LN nanophotonic waveguide within a racetrack resonator was reported in [55] .
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